Analysis of accessible surface of residues in proteins
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Abstract

We analyzed the total, hydrophobic, and hydrophilic accessible surfaces (ASAs) of residues from a nonre-
dundant bank of 587 3D structure proteins. In an extended fold, residues are classified into three families
with respect to their hydrophobicity balance. As expected, residues lose part of their solvent-accessible
surface with folding but the three groups remain. The decrease of accessibility is more pronounced for
hydrophobic than hydrophilic residues. Amazingly, Lysine is the residue with the largest hydrophobic
accessible surface in folded structures. Our analysis points out a clear difference between the mean (other
studies) and median (this study) ASA values of hydrophobic residues, which should be taken into consid-
eration for future investigations on a protein-accessible surface, in order to improve predictions requiring
ASA values. The different secondary structures correspond to different accessibility of residues. Random
coils, turns, and B-structures (outside (B-sheets) are the most accessible folds, with an average of 30%
accessibility. The helical residues are about 20% accessible, and the difference between the hydrophobic and
the hydrophilic residues illustrates the amphipathy of many helices. Residues from (3-sheets are the most
inaccessible to solvent (10% accessible). Hence, [B-sheets are the most appropriate structures to shield the
hydrophobic parts of residues from water. We also show that there is an equal balance between the
hydrophobic and the hydrophilic accessible surfaces of the 3D protein surfaces irrespective of the protein
size. This results in a patchwork surface of hydrophobic and hydrophilic areas, which could be important

for protein interactions and/or activity.

Keywords: Solvent accessibility; Pex files; hydrophobicity; secondary structure; amphipathy

Understanding the folding of proteins remains one of the
major scientific challenges. One way to explore this com-
plex problem is to get information from the protein struc-
tures themselves. We recently developed an analytical tool,
named Pex files, in which numerical data on various struc-
tural parameters of proteins are described, such as second-
ary structures, side chain interactions, H-bonds, and more
(Thomas et al. 2001, 2002a,b). Here we introduce a new Pex
file that, in addition to the major structural parameters of
proteins, lists a series of parameters describing the solvent
accessibility.

The folding process of soluble proteins decreases the sur-
face in contact with the solvent. This is related to the sec-
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ondary structures of proteins. Accurate knowledge of resi-
due accessibility would thus aid the prediction of secondary
structures. Different methods of prediction are based on the
use of protein structure databases and on multiple sequence
alignments. They have various efficiencies, notably depend-
ing on the number of relative accessibility states (i.e., ex-
posed, buried, and in-between; Rost and Sander 1994; Rost
1996; Li and Pan 2001; Naderi-Manesh et al. 2001; Yuan et
al. 2002).

Further, because active sites of proteins are often located
at the surface of the protein, greater insight into residue
accessibility would be important in understanding and pre-
dicting structure/function relationships.

In the present study, we analyzed 587 proteins from the
Protein Data Bank (PDB) using the Pex files. We extracted
the total, hydrophobic, and hydrophilic accessible surfaces
of residues. The method used to calculate the accessible
surface is that of Shrake and Rupley (1973). The 587-pro-
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tein bank is a nonredundant bank of structures (Liu and
Chou 1999).

Results

Calculation of residue accessible surfaces in extended
conformation

To check that the calculation of accessible surfaces in ASA-
Pex files is correct, we used a window of three residues
along the structure; the surface of the central residue is
calculated. This mimics the surface of residues measured in
tripeptide by others, such as Gly-X-Gly or Ala-X-Ala
(Creighton 1993; Samanta et al. 2002) and corresponds to
the residue surface in the unfolded state. A very good cor-
relation is observed between Pex data and previously pub-
lished values (Table 1). When the residue surface is split
into hydrophilic and hydrophobic surfaces (Table 1; Fig. 1),
the residues with the highest hydrophobic versus hydro-
philic ASA ratio are Phe and Met. Their hydrophobic sur-
face is more than four times higher than the hydrophilic
one. Residues with the smallest ratio (3—4 times more
hydrophilic than hydrophobic) are Asp and Asn. Plot-
ting the hydrophobic/hydrophilic ratio as a function of
the total ASA value clusters the residues into three
groups (Fig.1): One group is the hydrophobic amino acids
(G<A<V,C,P<I,.L<F,M) for which the hydrophobic/hydro-
philic ratio is increasing with the surface; the second con-
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Figure 1. Hydrophobic/hydrophilic accessible surface ratio (correspond-
ing to column 6 of Table 1) as a function of the total accessible surface for
each residue (Table 1, column 3) in the unfolded state.

tains the hydrophilic residues (D,N<E,Q<R) whose ratio is
rather independent of the residue surface; and a third group
containing S,T,H,K,Y and W, whose ratio varies almost
exponentially with the residue surface. This underlines that
the aromatic residues with polar atoms (W,Y,H) do not
behave like Phenylalanine and are not pure hydrophobic
residues. It is worth noting that Lysine, although generally
considered as a hydrophilic residue, has a ratio near 1
(Fig.1) and belongs to the third group, unlike Arg. This is
due to its long hydrophobic chain holding the polar head.

Table 1. Total, hydrophobic (pho), and hydrophilic (phi) accessible surfaces of whole residues
(backbone and lateral chain) calculated with a window 3

Total Ratio pho

Residue Surface accessible Hydrophobic Hydrophilic surface/phi
name Creighton surface (pho) surface (phi) surface surface
arg 241 250 65 187 0.3
trp 259 249 174 76 23
tyr 229 227 130 96 14
lys 211 212 101 114 0.9
phe 218 208 170 37 4.6
met 204 201 163 38 4.3
gln 189 194 45 152 0.3
his 194 191 79 111 0.7
glu 183 187 49 141 0.3
leu 180 179 140 39 3.6
ile 182 173 137 35 39
asn 158 166 27 140 0.2
asp 151 160 30 131 0.2
cys 140 157 119 38 32
val 160 149 112 36 3.1
thr 146 144 65 79 0.8
pro 143 135 103 33 3.1
ser 122 125 36 89 0.4
ala 113 111 66 45 1.5
gly 85 86 29 56 0.5

Surfaces are expressed in angstroms?. Reference surfaces are those determined experimentally on Gly-X-Gly
peptides by Creighton (1993). The ratio of pho surface vs. phi surface corresponds to the ratio of column 4 vs.

column 5.
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Calculation of residue accessible surface in folded
proteins

Accessible surfaces of residues in folded proteins were de-
termined as described in Materials and Methods. As ex-
pected, all residues decrease their accessibility to the sol-
vent, to about 45% for Lys and Glu and down to a few
percent (about 5%) for the most hydrophobic residues (Ile,
Leu, Val, and Cys), with respect to the residue accessibility
of the unfolded state (Table 2). On average, the accessible
surface of residues of folded proteins is reduced to 20%.

There is a clear difference in the behavior of the hydro-
phobic and hydrophilic residues, the latter being largely
more accessible, as shown in Figure 2. Folding similarly
reduces the hydrophobic and hydrophilic surfaces for each
residue, except for Proline (and to a lesser extent Glycine),
which buries much more hydrophilic than hydrophobic sur-
face (Table 2, Fig. 2). Figure 3 summarizes these observa-
tions, showing the hydrophilic versus the hydrophobic ac-
cessible surface of the residues of folded proteins. The same
three groups of residues observed in Figure 1 can be dis-
tinguished. They correspond to the hydrophobic residues
(C,LL,V,AM,F,G with low hydrophobic and hydrophilic
ASAs) and to the hydrophilic residues (N,D,Q,E,R with
high hydrophilic and low hydrophobic ASAs); and the third
group (S,T,Y,W,H) has intermediate hydrophobic and hy-
drophilic ASA values. Note the peculiar behavior of Pro and
Lys in that both have high hydrophobic ASA but differ in
their hydrophilic ASA value.

Values of the accessible surface of hydrophilic residues
are in good agreement with those previously reported (Sa-
manta et al. 2002). However, the ASA for the hydrophobic
amino acids and especially for Ileu, Leu, Val, Cys, and Met
are 2 to 3 times lower than the previously reported values
(Table 2). This is due to the fact that we used median instead
of mean ASA values. We believe that median ASA values
are more appropriate than means when we look at the fre-
quency distribution of residue ASAs in 3D structures (Fig.
4). Where the ASA distribution of hydrophilic residues such
as Lys or Gln appears partly gaussian, indicating that mean
and median values should not be too different (Fig.4A,B,
respectively), frequency distributions of the hydrophobic
residues ASA are clearly not symmetrical. Many of those
amino acids are completely inaccessible to the solvent, as
shown for Ile (Fig. 4C) or Phe (Fig. 4D). Mean values of
these distributions correspond to the previously reported
ASA values of amino acids as shown in Table 2, suggesting
that our data are not different from the literature. However,
mean values are obviously inadequate to describe the dis-
tribution of ASAs, the median being more appropriate. This
suggests that ASAs of hydrophobic residues were overesti-
mated in a number of studies.

Accessible surfaces in the different secondary
structures

Five classes of secondary structures were considered: a-he-
lix (Ha), parallel (Bp) and antiparallel (Ba) [-strands,

Table 2. Median values of total, hydrophobic (pho), and hydrophilic (phi) accessible surface (ASA) of whole residues from folded

proteins

Residue Total median ~ Hydrophobic Hydrophilic % total ASA % pho ASA % phi ASA Total mean ASA  Total mean ASA
name ASA median ASA median ASA vs win3 vs. win3 vs. win3 from Samanta (this study)
ala 14 7 3 12 10 7 28 27
arg 87 20 65 35 31 35 86 91
asn 59 8 49 36 29 35 58 62
asp 62 11 49 39 36 38 58 63
cys 5 2 0 3 1 0 17 15
gln 74 15 56 38 34 37 69 75
glu 83 20 60 44 41 42 73 81
gly 19 8 8 22 27 14 27 26
his 46 20 26 24 25 23 54 56
ile 6 4 0 4 3 0 25 23
leu 9 5 0 5 4 1 29 26
lys 102 47 54 48 47 47 96 101
met 13 9 1 7 6 2 36 36
phe 13 8 0 6 5 0 31 31
pro 49 40 5 36 39 15 54 51
ser 35 10 20 28 28 23 39 41
thr 37 17 15 26 26 19 44 44
trp 25 14 7 10 8 9 44 42
tyr 31 12 15 14 10 15 46 43
val 8 5 0 5 4 1 24 23

Percentages are obtained from the win 3 values (Table 1).

Surfaces (mean and median values) are compared to the mean values published in Samanta et al. 2002.

Surfaces are expressed in angstroms?.
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Figure 2. Values of median pho (black bars) and phi (gray bars) ASA for
each residue in the extended state (A) and in folded proteins (B). Residues
are sorted by decreasing total ASA values.

[B-structures (B), and random coil/turn (C-T) conformations.
These structural elements are defined in Materials and
Methods. They correspond to 32,806 residues analyzed for
Ha; 2851 residues for Bp; 27,603 residues for Ba; 36,230
residues for B; and 45,220 residues for C-T.

For each structural class, the total, hydrophobic, and hy-
drophilic median ASAs were calculated (Tables 3—7) and
compared to the residue ASA in the extended conformation
(ASA calculated with a window of 3). The most accessible
residues belong to the random coil/turn (C-T) class, whereas
the Ba and Bp structures result in the most solvent-inacces-
sible residues.

Random coil/turn structures

This class has the most accessible residues, with an average
of 30% of accessible surface (Table 3). There is a segrega-
tion between the hydrophobic (I,L,V,M,W,F,Y) and the hy-
drophilic (K,R,N,D,Q,E,T,S) residues. The former are
10%—20% percent accessible and the latter are about 50%
accessible. Gly, His, and Ala have intermediate values, and
Pro is highly accessible. Hydrophobic and hydrophilic ac-
cessible surfaces are similarly decreased, except for Gly and
Pro.

It should be noted that the hydrophilic accessible surface
of the most hydrophobic residues (i.e., Ile, Val, Leu, Met,
Phe) should correspond to the accessibility of their back-
bone (Table 3).

B-Strands (B-structures)

The residues are almost as accessible in B-structures as in
random coil/turn structures, and the segregation between the
hydrophobic and the hydrophilic residues is also observed
(Table 4). A noticeable difference lies in how the hydro-
phobic and hydrophilic accessible surfaces of residues de-
crease (cf. columns 9, 10 of Tables 3 and 4). Although the
hydrophobic and hydrophilic ASAs of hydrophilic residues
are similarly reduced, hydrophobic residues show a twofold
more pronounced decrease in the hydrophobic surface com-
pared to the hydrophilic surface. This suggests that B-struc-
ture is more prone to shield the hydrophobic moiety of
hydrophobic amino acids compared to the random coil/turn
structure.

For Proline, which is 30% accessible, the opposite is
observed; that is, the hydrophilic surface is less accessible
than the hydrophobic one (as in the random coil/turn struc-
ture).

Further, as for random coil/turn, the hydrophilic acces-
sible surface of the most hydrophobic residues in B-struc-
tures should correspond to the accessibility of the backbone.

Parallel and antiparallel sheets

These folds correspond to the less accessible residues: On
average, only 10% of the residue surface is accessible
(Tables 5,6). This is particularly true for the hydrophobic
residues such as Leu, Ile, Val, Met, Cys, and Phe (1%—-5%
accessibility). In these folds, again, the most accessible resi-
dues are Lys and Glu (23%-33% accessibility) and hydro-
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Figure 3. Median hydrophilic ASA as a function of median hydrophobic

ASA of residues in folded proteins. Residues with similar behavior are
grouped. Pro (P) and Lys (K) are left out of this classification.

1409

www.proteinscience.org



Lins et al.

Median ASA : 102 A?
Mean ASA : 101 A2

100 150
ASA {angstroms?)

Median ASA : 74 A?
Mean ASA : 75 A?

ASA {angstroms?)

Median ASA : 6 A2
Mean ASA : 23 A?

~,
200

e T - —
[ 20 40 60 80 100 120 140 160 180
ASA (angstroms?)

Median ASA : 13 A?
Mean ASA : 31 A?

50 100 150
ASA (angstroms?)

200 250

Figure 4. Distribution of the total ASA for (A) Lysine, (B) Glutamine, (C) Isoleucine, and (D) Phenylalanine. Values of the median

and mean total ASA are indicated for each of these residues.

phobic and hydrophilic residues are segregated, Ser and Thr
having intermediate values. For almost all residues, the Ba/
Bp structures appear to shield their hydrophobic domains
from the solvent better than any other structure, as reported
by Chothia (1976).

Table 3. Median values of total, pho, and phi ASA of whole
residues in random coil/turn structures

This suggests that a sequence will have a smaller hydro-
phobic accessible surface as a 3-sheet than in any other
conformation. This could be related to the formation of
fibrils observed with highly hydrophobic peptides. Indeed,
fibrils are made of antiparallel 3-strands, as reported regard-

Table 4. Median values of total, pho, and phi ASA of whole
residues in B structure

Total pho phi Total pho  phi % % % Total pho phi Total pho phi % % %
Residue ASA ASA ASA ASA ASA ASA total ASA ASA Residue ASA ASA ASA ASA ASA ASA total ASA ASA
name C/T C/T C/T win3 win3 win3 ASA pho phi name B B B win3 win3 win3 ASA pho phi
ala 43 27 13 111 66 45 39 41 28 ala 24 12 9 111 66 45 22 18 19
arg 106 28 79 250 65 187 42 44 42 arg 94 20 71 250 65 187 38 32 38
asn 81 13 67 166 27 140 48 48 48 asn 57 8 46 166 27 140 34 30 33
asp 84 17 64 160 30 131 52 56 49 asp 62 12 47 160 30 131 38 41 36
cys 14 7 4 157 119 38 9 6 10 cys 19 4 6 157 119 38 12 4 15
gln 9% 23 70 194 45 152 50 52 46 gln 82 15 64 194 45 152 43 34 42
glu 105 30 70 187 49 141 56 62 50 glu 89 19 67 187 49 141 47 38 47
gly 29 13 15 86 29 56 34 46 27 gly 16 5 7 86 29 56 19 17 13
his 64 27 36 191 79 111 33 34 33 his 55 22 31 191 79 111 29 28 28
ile 30 20 4 173 137 35 17 15 10 ile 23 10 6 173 137 35 14 8 16
leu 27 18 4 179 140 39 15 13 11 leu 27 12 7 179 140 39 15 9 18
lys 121 59 64 212 101 114 57 58 56 lys 104 47 55 212 101 114 49 46 49
met 51 37 7 201 163 38 25 23 18 met 33 20 7 201 163 38 16 12 19
phe 31 22 4 208 170 37 15 13 10 phe 33 18 7 208 170 37 16 10 18
pro 60 48 7 135 103 33 45 47 22 pro 40 34 4 135 103 33 30 33 11
ser 64 20 40 125 36 89 51 55 45 ser 38 12 20 125 36 89 31 33 22
thr 58 28 29 144 65 79 40 42 36 thr 50 22 20 144 65 79 35 34 25
trp 41 28 13 249 174 76 16 16 17 trp 38 19 18 249 174 76 15 11 24
tyr 43 22 20 227 130 9% 19 17 21 tyr 4 19 24 227 130 9% 19 14 25
val 31 22 4 149 112 36 21 19 11 val 24 11 6 149 112 36 16 10 18

ASAs are expressed in angstroms® and are compared to those obtained with
a window 3.

1410 Protein Science, vol. 12
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Table 5. Median values of total, pho, and phi ASA of whole
residues in Ba structure

Total pho phi Total pho  phi % % %

Residue ASA ASA ASA ASA ASA ASA total ASA ASA
name Ba Ba Ba win3 win3 win3 ASA pho phi
ala 1 0 0 111 66 45 1 0 0
arg 59 8 47 250 65 187 24 12 25
asn 21 1 18 166 27 140 13 4 13
asp 23 2 20 160 30 131 14 7 15
cys 1 0 0 157 119 38 0 0 0
gln 38 3 33 194 45 152 20 6 22
glu 43 5 35 187 49 141 23 9 25
gly 1 0 86 29 56 1 0 0
his 21 10 11 191 79 111 11 13 10
ile 1 1 0 173 137 35 1 1 0
leu 2 1 0 179 140 39 1 1 0
lys 69 28 40 212 101 114 33 28 35
met 2 1 0 201 163 38 1 1 0
phe 4 2 0 208 170 37 2 1 0
ser 8 1 5 125 36 89 7 2 6
thr 14 5 6 144 65 79 9 7 7
trp 10 6 1 249 174 76 4 3 1
tyr 17 4 9 227 130 96 7 3 9
val 1 1 0 149 112 36 1 1 0

ASAs are expressed in angstroms? and are compared to those obtained with
a window 3.

ing the amyloid aggregates of Alzheimer’s disease (Li et al.
1999; Schladitz et al. 1999).

It is interesting to note that the backbone of hydro-
phobic residues (corresponding to the phi ASA of those

Table 6. Median values of total, pho, and phi ASA of whole
residues in Bp structure

residues) is no more accessible in Ba/Bp structures, in con-
trast to what happens for random coil/turn and B-conforma-
tions.

a-Helices

Residues of helical folds have an intermediate solvent ac-
cessibility of ~20% (Table 7). The difference between the
accessibility of hydrophobic and hydrophilic residues is
highly marked. For a-helices, K, E, R, N, D, Q, S, and T are
45% (Lys) to 19% (Ser) accessible with an average of 35%
accessibility, whereas hydrophobic residues are only 1%—
5% accessible (except for Trp and Tyr, which are 10%
accessible). This is linked to the observation that most a-he-
lices of protein 3D structures are amphipathic (Chou et al.
1997). Amphipathic helices have most of the hydrophobic
residues oriented toward the protein core, whereas the hy-
drophilic residues are water-accessible.

It should be noted that the helical structure similarly re-
duces the hydrophobic and the hydrophilic surfaces of all
residues, in contrast to what happens in (3-folds.

In the helical structure, as for B-sheets, the backbone is
not accessible (hydrophilic surfaces of hydrophobic resi-
dues are almost null).

The same calculations of surfaces were made by selecting
the secondary structures attributed to the CO-side of the
residue. The number of residues analyzed for each structural
class remains similar, as were the surfaces (data not shown).

Table 7. Median values of total, pho, and phi ASA of whole
residues in Ha structure

Total pho phi Total pho phi % % %

Total pho phi Total pho phi % % %

Residue ASA ASA ASA ASA ASA ASA total ASA ASA Residue ASA ASA ASA ASA ASA ASA total ASA ASA
name Bp Bp Bp win3 win3 win3 ASA pho phi name Ha Ha Ha win3 win3 win3 ASA pho phi
ala 5 1 1 111 66 45 5 2 2 ala 5 2 1 111 66 45 5 4 3
arg 54 8 46 250 65 187 22 12 24 arg 86 20 64 250 65 187 34 31 34
asn 16 0 15 166 27 140 10 0 10 asn 53 6 45 166 27 140 32 24 32
asp 28 1 25 160 30 131 17 5 19 asp 59 9 48 160 30 131 37 32 36
cys 1 0 0 157 119 38 1 0 0 cys 2 1 0 157 119 38 1 1 0
gln 44 5 38 194 45 152 23 11 25 gln 69 14 53 194 45 152 36 32 35
glu 54 9 42 187 49 141 29 19 30 glu 76 18 57 187 49 141 41 37 40
gly 4 0 1 86 29 56 5 0 1 gly 3 1 1 86 29 56 3 3 1
his 25 11 13 191 79 111 13 14 12 his 45 19 24 191 79 111 24 25 22
ile 5 1 0 173 137 35 3 1 0 ile 4 3 0o 173 137 35 2 2 0
leu 7 2 0 179 140 39 4 2 0 leu 4 3 0 179 140 39 2 2 0
lys 69 30 39 212 101 114 33 30 35 lys 95 44 51 212 101 114 45 43 45
met 8 4 1 201 163 38 4 2 2 met 6 4 0 201 163 38 3 3 0
phe 11 7 0 208 170 37 5 4 0 phe 7 5 0 208 170 37 3 3 0
ser 11 2 5 125 36 89 8 6 6 ser 24 6 16 125 36 89 19 17 18
thr 13 4 6 144 65 79 9 6 8 thr 26 11 10 144 65 79 21 16 13
trp 17 13 5 249 174 76 7 8 6 trp 16 11 3249 174 76 11 6 4
tyr 25 10 12 227 130 9% 11 7 13 tyr 24 10 11 227 130 9% 10 7 11
val 6 3 0 149 112 36 4 3 0 val 3 3 0 149 112 36 1 2 0

ASAs are expressed in angstroms® and are compared to those obtained with
a window 3.

ASAs are expressed in angstroms® and are compared to those obtained with
a window 3.
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Analysis of ASAs in data sets containing only 3- or
a-proteins

In light of our observation that the (-fold better shields
hydrophobic parts of amino acids from water whereas he-
lical structure better segregates hydrophobic and hydro-
philic residues (the latter remaining accessible to the sol-
vent), we wondered whether this would also hold true for
two data sets one containing proteins with a-structures (no
[B-residues) and the other with B-proteins (no helical folds).
These sets were extracted from the 587-protein bank by
selecting 26 B-proteins and 55 a-proteins, as described in
Materials and Methods.

Table 8 shows that the accessible surfaces of residues in
helical conformation of a-proteins (corresponding to 6,530
residues) are the same as those determined for the 587 pro-
teins, confirming the amphipathic character of the helical
fold.

In Table 9, Ba and Bp structures were grouped, because
only 144 residues were from parallel -sheets. The two
structures altogether correspond to 1,273 residues. Hydro-
phobic residues are poorly accessible, but the ASAs of
hydrophilic residues (R,N,D,E.H,K,S,T) are higher (20%—
50% increase) than those in the Ba and Bp residues ana-
lyzed in the 587-protein bank. This is most likely because
the B-proteins must finally be soluble: Indeed, they contain
more hydrophilic residues (42% as compared to 27% for the
587-protein bank). Nonetheless, residues in [3-structures re-
main the less accessible (about 12% on average compared to

Table 8. Median values of total, pho, and phi ASA of whole
residues in Ha structure extracted from the alpha proteins bank

Total pho phi Total pho phi % % %
Residue  ASA ASA ASA ASA ASA ASA total ASA ASA
name Ha Ha Ha win3 win3 win3 ASA pho phi

ala 8 5 2 111 66 45 8 8 5
arg 90 23 68 250 65 187 36 36 36
asn 57 8 49 166 27 140 34 28 35
asp 56 9 46 160 30 131 35 29 35
cys 2 1 0 157 119 38 2 1 1
gln 71 15 51 194 45 152 37 34 33
glu 71 15 51 187 49 141 38 31 36
gly 8 4 2 86 29 56 9 15 4
his 52 22 31 191 79 111 27 28 28
ile 6 5 0 173 137 35 3 4 0
leu 5 4 0 179 140 39 3 3 1
lys 92 43 50 212 101 114 43 43 44
met 6 5 0 201 163 38 3 3 1
phe 9 7 0 208 170 37 4 4 0
ser 27 8 15 125 36 89 21 23 17
thr 28 1 14 144 65 79 19 17 18

1
trp 22 5 4 249 174 76 9 8 5
tyr 22 8 9 227 130 9% 10 6 10
val 5 4 0 149 112 36 3 4 0

ASAs are expressed in angstroms® and are compared to those obtained with
a window 3.

1412 Protein Science, vol. 12

20% for the helical structure) and again, [3-sheet is the best
fold to shield the hydrophobic part of amino acids from
water.

Analysis of the total surface of the 587 proteins

We next examined the relationships between the total ac-
cessible surface of a folded protein and its sequence length.
Figure 5 shows that the water-accessible surface of proteins
is a simple function of the number of residues. This is in
agreement with the study of 12 proteins by Chothia (1976).

More surprising is the ratio of hydrophilic to hydrophobic
accessible surfaces, which lies near 1 for all of the proteins
we analyzed. Figure 6 shows that hydrophobic and hydro-
philic accessible surfaces are proportional to the total pro-
tein surface (regression coefficient near 0.99) and that the
proportionality is similar for hydrophobic and hydrophilic
surfaces. This supports that the surface of a soluble protein
is not only hydrophilic, as often meant. These data suggest
that folding tends to equilibrate the hydrophobic and hydro-
philic solvent-accessible areas. This is illustrated by calcu-
lating the molecular hydrophobicity potentials (MHPs;
Brasseur 1991) that draw the envelope of the hydrophobic
and hydrophilic environments of a molecule (Fig. 7) and
demonstrates that soluble molecules have significant hydro-
phobic patches.

Discussion

We analyzed the water-accessible surfaces of all residues
from 587 nonredundant structures of proteins determined by
NMR and X-ray diffraction with 1.2 to 2.9 A resolution. As
expected, we show that residues lose part of their accessible
surface due to folding and that the decrease is more pro-
nounced for hydrophobic residues, as previously described
(Chothia 1976). However, we also report that the accessible
surfaces of hydrophobic amino acids in proteins are for the
most part smaller than previously reported (Samanta et al.
2002). Many hydrophobic residues are completely buried,
and the distributions of residue ASAs are far from being
gaussian. Hence, the average accessibility of a residue in a
protein is better described by a median than by a mean
value. Because our analysis depicts a clear difference be-
tween the mean and median ASA values of hydrophobic
residues, this should be taken into consideration for future
investigations of protein accessible surfaces and would
probably help to improve predictions using ASA values.
Three groups of amino acids can be distinguished based
on the relationships between their hydrophobic and hydro-
philic accessible surfaces, either in the extended state or in
the folded proteins. One group is made of the hydrophobic
residues (IL,LL,V,F.M,A,G), another contains the hydrophilic
residues (D,N,E,Q,R), and the third shows intermediate be-
havior (H,Y,W,S,T). Proline and Lysine are apart. Among
the hydrophilic residues, Lysine is peculiar: It is often
looked at as a hydrophilic residue but in the unfolded state,
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Table 9. Median values of total, pho, and phi ASA of whole residues in Ba/Bp
structures extracted from the beta proteins bank

Total pho phi Total pho phi % % %
Residue ASA ASA ASA ASA  ASA  ASA total ASA  ASA
name Ba/Bp Ba/Bp Ba/Bp win3 win3 win3 ASA pho phi
ala 6 3 1 111 66 45 6 4 1
arg 75 9 55 250 65 187 30 15 29
asn 32 1 28 166 27 140 19 5 20
asp 42 4 30 160 30 131 26 13 23
cys 1 0 0 157 119 38 1 0 1
gln 46 5 38 194 45 152 24 10 25
glu 45 8 38 187 49 141 24 16 27
gly 3 0 1 86 29 56 4 1 2
his 45 19 24 191 79 111 24 25 22
ile 7 5 0 173 137 35 4 4 0
leu 6 4 0 179 140 39 3 3 0
lys 61 29 39 212 101 114 29 29 34
met 4 2 0 201 163 38 2 1 0
phe 6 5 0 208 170 37 3 3 1
ser 18 3 11 125 36 89 15 9 12
thr 23 8 10 144 65 79 16 12 13
trp 16 12 7 249 174 76 6 7 9
tyr 33 9 18 227 130 96 15 7 19
val 6 4 0 149 112 36 4 3 1

ASAs are expressed in angstroms” and are compared to those obtained with a window 3.

it has almost equal hydrophobic and hydrophilic accessible
surfaces. Moreover, in the folded state, it has the highest
hydrophobic ASA of all residues. Proline also has special
features, as it has the highest hydrophobic accessible surface
among the hydrophobic residues. This is related to its pref-
erential location in accessible turns of proteins.

The classification of amino acids into three amino acid
“families” following their hydrophobic/hydrophilic acces-
sible surface should be important in terms of the prediction
of conservative mutations.

55 -

4.5 4

log total ASA

3.5 1

The different types of secondary structure correspond to
different accessible surfaces. Random coils, turns, and
B-strands that are either not H-bound or are H-bound to a
structure that is not a strand are the most accessible folds,
with an average of 30% of residue accessibility. In these
structures, the backbone of the most hydrophobic residues
(LV,.LM,F) is quite accessible, with 10%—-15% accessibil-
ity.

The B-sheets (parallel and antiparallel strands) are the
most solvent-inaccessible structures (with about 10% of

R?=00513

3 T T
1.5 2 25

T T

3 3.5 4

log nb residues

Figure 5. Log of the total ASA as a function of the log of the number of residues for the 587 proteins analyzed. The coefficient of

the linear regression is 0.97.
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Figure 6. Hydrophobic (O) and hydrophilic (M) ASA as a function of the total ASA for the 587 proteins analyzed. The coefficient

of the linear regression is 0.99 for both curves.

residue accessibility), whereas the helical conformation has
an intermediate value, with about 20% of the residue surface
accessible.

Both helical and B-sheet conformations shield the back-
bone of the most hydrophobic residues from water, in con-
trast to what happens for the “unordered” structures.

In all folds, there is a noticeable difference between the
hydrophobic and hydrophilic residues, the latter being al-
ways more solvent-accessible. The greatest difference is
observed in a-helices related to their amphipathic character.
When the protein folds, the hydrophobic side of the helix is
buried in the protein core, and the hydrophilic side remains
solvent-accessible. The [(3-sheets are the most appropriate
structures to shield the hydrophobicity of residues. This is
likely important in the formation of fibrils in pathological
and nonpathological phenomena.

Note that Lysine and Glutamic acid are the most acces-
sible residues, whereas Leucine, Isoleucine, and Valine are
the most inaccessible, irrespective of secondary structures.

As described earlier by Chothia (1976) regarding 12 pro-
teins, there is a simple relationship between the total acces-
sible surface of folded proteins and their size. We also show
that there is a balance between the hydrophobic and the
hydrophilic surfaces of the 3D protein surface. This balance
is maintained irrespective of the protein size, resulting in a
patchwork surface of hydrophobic and hydrophilic areas.
Size and accessibility of the patches should be important for
protein-protein interaction sites and/or for activity, as sug-
gested by others (Eisenhaber and Argos 1996; Jones and
Thornton 1997).

Materials and methods

Proteins

The PDB files of the 587 proteins were transformed into ASA Pex
files, giving a total of 156,215 residues that were analyzed. These
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Figure 7. (Left panels) Molecular hydrophobicity potentials (MHPs)
around three proteins analyzed (one a-protein, apolipophorin III, PDB
code 1AEP; one B-protein, human fibronectin, FBR; one o/f-protein,
dienelactone hydrolase, 1DIN). MHPs, based on atomic transfer energies,
allow the visualization of pho (orange) and phi (green) domains around a
protein and are calculated as described in (Brasseur 1991). (Right panels)
Ribbon representations of the protein in the same orientation as in the left
panels. (A) 1AEP, (B) 1FBR, (C) 1DIN.
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structures were issued from the nonredundant bank described by
Liu and Chou (1999) containing 593 entries. Five proteins were
discarded, their format being incompatible with their transforma-
tion into Pex files. The PDB codes are listed below; the experi-
mental resolution is between 1.2 and 2.9 A. ASA Pex files are
accessible on the CBMN Web site (http://www.fsagx.ac.be/bp/) or

can be obtained from author R. Brasseur.

1531 1bec Ichd ldaa lecl 1ftp lgtr
laa8 1ber Ichk ldar lecp 1fua lgym
laaf 1bgw Ichm 1dbq lede 1fup lhan
labr 1bhs Icid 1ddt ledg 1gad Thar
lade 1bia Lciy ldea ledh 1gai lhav
laep 1bmf Icks 1def lefn 1gal 1hbq
laer 1bmt Icle 1dek lefu lgar 1hce
lafb 1bnc lemb 1dhp leny lgca Then
lalo 1bnd lens 1dhr leri lgeb Thep
lamm 1bp2 lent 1din lerw lgdo lhcz
lamp 1bpl Icof 1dja lesc lgdy 1hth
lanv 1bri Icol 1dkz lesf Igen lhge
laoc 1bro lepe 1dlh lesl 1ghr lhgx
laor 1buc Icpo 1dnp letp 1gky 1hjr
laoz 1bur lepq 1doi leur Igle 1hlb
lapy 1bvp lept 1dor lext 1gln Thmy
larb 1bw4 lerl 1dpe 1fba 1gnd lhng
lars 1byb lcsh 1dpg 1fbr 1gof lhga
larv lcau lesm 1drw 1fc2 1got 1hrd
lash lcer lesn 1dsb 1fed 1gpl 1hsl
latl ledo lctn ldsn 1fib 1gpb Ihtm
laxn ledq lett 1dsu 1fie lgpe 1htp
layl ledy leur 1dts 1fil lgph 1htt
1bam lcea Icus 1dup 1fim 1gpl Thuc
1bbh 1cel levl 1dyn 1fjm lgpm lThuw
1bbp Icem lexs ldyr 11Kkj lgpr 1hxn
1bbt 1ceo leyd leaf 1fkx lerj 1hxp
1bcf lcew leyg leal 1fnc lgrx 1i1b
1bco lcfb leyv leca 1fnf lgsa liae
1bdm lefr leyw lece 1frp lgtq lice
licn 11ba Imka Inpo 1pii Irci Isnc
lign 11bd Imla loac 1pkm Irec 1spg
lihf 11bi Imld lobp Ipkp Ireg Isra
lilk 11bu Imls loce 1pls Ireq 1sri
lino 1ci Imml loct 1pmi 1rfb 1std
linp 11ck Imol lofg 1pmy Irgs Istm
liow 1lel Impp lomp 1pnk Irhg 1svb
lirk 1lep Imrj lonc 1poc Irie 1svp
lirl 11dm Imsa lonr 1pot Irnl Isvr
lisc 11leh Imsc lord Ipox Irpa ltag
liso 1len Imsf loro lrrg 1tal
litg 11fa Imsk losp 1pre 1rsy 1taq
livd 11gr Imsp lotg 1prs Irtp 1tbr
1jap 1lis Imty loun Iprt Irva Itca
tjicv 11it Imup lova 1psd Isac lter
1jon 11ki Imut loxa 1ptv Isat 1tfe
ljud 1Inh Inal loxy Iptx Isbp 1tfr
1jvr 1rv Inar loyc 1pue Isch 1tgx
1kaz 11td Inba 1pbe 1put Iscm 1thj
lkew 11ts Indh 1pbg 1pve Iscu 1tht
1knb 1luc Infa 1pbn 1pvd Isei 1thv
1kny lixa Infk 1pbw 1pxt Ises 1thx
1kob 11yl Infn Ipco 1pya 1sfe 1tii
1kpb Imas Infp 1pdg 1qap Isft 1tiv
1kpt Imat Inhk 1pdn 1qas Islt 1tlk
1kuh Imaz Inhp 1pea Igba Islu 1tml
1kve Imda Inif 1pfk 1qor Isly ltnr

lkxu 1mey Inip Ipgs 1qpg 1smd 1tpg
1148 Imhc Inox 1phg 1rbu 1sme 1tpl
1lau 1mhl Inoy 1phr 1rcb Ismn 1trk
Itsp 1xjo 2bpa 2hts 2sil 4mt2 2aza
1ttb 1xnb 2btf 2hvm 2stv 4rhv 2bbv
1tul 1xrb 2cae 2ihl 2tbd 4sbv 2bgu
Ttup Ixsm 2cas 2kau 2tet 4ts1 2blt
Itys 1xva 2cba 2lbp 2tgi 4xia 2bnh
luby 1xyz 2cbp 2lfb 2tmd 5p21 2bop
lucy lydr 2ccy 2mev 2tmv Srub 2hft
lulp lyha 2cpl 2mnr 2tys Stim 2hhm
luxy lypp 2cte 2mpr 2vil 6fab 2hmx
Ivde 1ytb 2cyp 2mta 3chy Trsa 2hmz
1vhh lytw 2dkb 2nac 3cla 8abp 2hpd
1vhi lyua 2dld 20lb 3cox 8acn 2hpe
1vhr 1znb 2dri 2omf 3dfr 8atc 2psp
1vid 1zqa 2ebn 2ora 3dni 8fab 2reb
lvin 2aaa 2end 2pcd 3fru 8tln 2rsi
1vls 2aakent 2eng 2pec 3geo 9pap 2rsp
Ivmo  2abd 2er7 2pgd 3grs 9rnt 2sas
lvnc 2abh 2fal 2phy 3hhr 9wga 2scp
1vol 2abk 2fcr 2pia 3kin 1wba 3sdh
Ivorm  2acq 2fd2 2pii 3min Iwdc 4aah
lvpt 2adm 2gmf 2pld 3pga 1whi 4bcl
1vsd 2ak3 2gsq 2pol 3pgm 1wht 4enl
lvsg 2amg 2gst 2por 3pmg 1xel 4fgf
Iwad  2ayh 2hbg 2prk 3pte 1xik 4kbp

For the B-only proteins data set, 26 files were extracted with the
criterion that the proteins do not contain a- helical structure; for
the a-only proteins, 54 files were extracted with the criterion that
they do neither contain Ba- or Bp-structured residues.

The a-bank corresponds to the following files:

laep,larv,lash,laxn,1bbh,1bcf,1ccr,1cem,lcns,lent,1col,1cpq,
leca,letp,lhlb,1huw, 1lign,lilk,1jvr,1kxu,1lis,11ki,1lrv,1maz, 1mey,
1mls, 1msf, Infn,loct,1pbw,1poc,1rci, 1rfb, Irhg, 1spg, 1sra, luby,
1vin,1vls,1xsm,2abd,2abk,2ccy,2cyp,2end,2fal,2hbg,2hmz,21fb,
2tct,2tmv,3sdh,6fab,9wga.

The B-bank corresponds to the following files:

lcea,lcur,1fbr,1fnf,1hce,lilb,1knb,1lcl,1msa,1msp,1nfa, Inpo,
1pco,pdg,1ptx, Isvp,ltgx,1tpg,1tul,1ulp,1vmo,1wba,lyha,2mpr,
2pii,4fgf.

ASA-Pex files

Each Pex file originates from the PDB file of a protein. Each line
of the Pex corresponds to a residue in the order of the sequence,
and each column is a parameter calculated in the 3D structure as
described by Thomas (Thomas et al. 2001). In the ASA-Pex file,
calculation of accessible surface areas (ASAs) of the whole residue
(lateral chain and backbone) was achieved using the method of
Shrake and Rupley (1973). In brief, the spherical surface of each
atom is covered by a net of 642 points (the initial method used 92
points), and the points that lie within other expanded atoms are
determined. The SERF algorithm where this method is imple-
mented was used (Flower 1997).

Determination of the hydrophobic and hydrophilic
accessible surfaces of residues

The method of Shrake and Rupley (1973) was also used to calcu-
late the hydrophobic and hydrophilic ASAs. With this method, the
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hydrophobic and hydrophilic ASAs correspond to the sum of the
surface of hydrophobic or hydrophilic atoms of the residue, re-
spectively. Atoms are considered hydrophobic or hydrophilic de-
pending on their transfer energy, as described (Brasseur 1991).
Median values of total, hydrophobic, and hydrophilic accessible
surfaces were calculated using Excel software (Microsoft).

Determination of the secondary structure of the
residues

In the PDB files, no protein has a complete description of second-
ary structures. We therefore established our definition of second-
ary structures based on the (phi/psi) values and on the occurrence
of main chain H-bonds (O..H distance less than 3.5 A), as de-
scribed in Thomas et al (2001). Two different structures were
attributed to the same residue according to the fact that that residue
can be involved in two H-bonds, one on its NH side, the other on
its CO side. Both secondary structures are listed in the Pex. In the
present study, the NH secondary structure was considered.

Definition of the different secondary structures

Helices

Helical residues have a main chain H-bond and ¢/ within a circle
of 45° around the couple & = —57° and y = —47°. The main chain
H-bond has an O . . . H distance less than 3 A. The helix is « (Ha)
when the n and the n + 4 residues are H-bound.

B-Structures

Residues are in 3 when the ¢ /s are within a circle of 90° around
the ¢ = —129° and ¢ = 123° . When two strands are H-bound,
they are either antiparallel (Ba) or parallel (Bp) sheets. The sheets
are parallel when the vectors between the Ca of the residues n and
n + 1 of each strand draw an angle of —90° to +90°. They are
antiparallel when the same vector angles are between 90° and 180°
or —90° and —180° apart. B is for B-strands that are either not
H-bound or are H-bound to a structure that is not a strand.

Random coils/turns

The /s values of the different turns are from Srinivasan and Rose
(1995). The presence of an H-bond is not mandatory.

The &/ of random coils span a large range of values, including
the left helices that were not individualized in this study. Random
coils also account for right helices and B-residues when the H-
acceptor (the O = C residue, n + i) and the NH-donor (n) are too far
away in the sequence for a helix (i > 6) or too close for a B-sheet
i<3).

Molecular hydrophobicity potential (MHP)
calculations

MHP is a three-dimensional plot of the hydrophobicity potential of
amolecule created to visualize its amphipathy. The hydrophobicity
of a molecule is calculated using its partition coefficient between
water and octanol.

We postulate that the hydrophobicity induced by an atom i and
measured at a point M of space decreases exponentially with the
distance between this point M and the surface of an atom i ac-
cording to the equation (Brasseur 1991):
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N
MHP,, = > Ey; exp (r; — d)
=1

where N is all atoms of the molecule, E; is the transfer energy of
atom 1, 1; is the radius of the atom i, and d, is the distance between
atom 1 and the point M. E,; is the energy required to transfer an
atom i from a hydrophobic to a hydrophilic medium. Atomic E,;
values were calculated from the molecular transfer energies com-
piled by Tanford (1973), assuming that molecular E,, are the sum
of their atomic E,. Atomic E,, values were derived for seven
different atom types (Brasseur 1991).

The hydrophobic and hydrophilic isopotential surfaces were cal-
culated by a cross-sectional computational method. A 1-A mesh-
grid plane was set to sweep across the molecule by steps of 1 A.
At each step, the sum of the hydrophobicity and hydrophilicity
values at all grid nodes was calculated. The hydrophobic and hy-
drophilic MHP surfaces were then drawn by joining the isopoten-
tial values.

All calculations were performed on Pentium III processors, us-
ing Z-TAMMO and Z-PEX software. Molecular graphs were
drawn using WinMGM (Ab Initio).
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